[1] Magnetic helicity, a conserved topological parameter in ideal MHD systems, conditions close to which are realized in the solar plasma, is intimately connected to the creation and subsequent dynamics of magnetic flux tubes in the solar interior. It can therefore be used as a tool to probe such dynamics. In this paper we show how photospheric observations of magnetic helicity of isolated magnetic flux tubes, manifested as the twist and writhe of solar active regions, can constrain the creation and dynamics of flux tubes in the solar convection zone and the nature of convective turbulence itself. We analyze the observed latitudinal distribution of twists in photospheric active regions, derived from solar vector magnetograms, in the largest such sample studied till-date. We confirm and put additional constraints on the hemispheric twist helicity trend and find that the dispersion in the active region twist distribution is latitude-independent, implying that the amplitude of turbulent fluctuations does not vary with latitude in the convection zone. Our data set also shows that the amplitude and dispersion of twist decreases with increasing magnetic size of active regions, supporting the conclusion that larger flux tubes are less affected by turbulence. Among the various theoretical models that have been proposed till-date to explain the origin of twist, our observations best match the S effect model, which invokes helical turbulent buffeting of rising flux tubes as the mechanism for twist creation. Finally, we complement our analysis of twists with past observations of tilts in solar active regions and tie them in with theoretical modeling studies, to build up a comprehensive picture of the dynamics of twisted magnetic flux tubes throughout the solar convection zone. This general framework, binding together theory and observations, suggests that flux tubes have a wide range of twists in the solar convection zone, with some as high as to make them susceptible to the kink instability mechanism that results in the formation of d spot or non-Hale active regions. 
Introduction
[2] Solar magnetic activity is most strikingly manifest in the periodic appearance of regions of concentrated magnetic fields, known as active regions (ARs), on the solar surface (photosphere). These ARs have associated overlying loops, the reconnection and dynamics of which heat the milliondegree solar outer atmosphere (corona) and result in explosive magnetic activity such as flares and CMEs which have severe space weather consequences. The underlying structure of these ARs comprise pressure-balanced magnetic flux tubes. More often than not, it is observed that these magnetic structures are twisted at the photospheric level [Seehafer, 1990; Pevtsov et al., 1995] and have twisted counterparts in the corona [Rust and Kumar, 1996; Canfield et al., 1999] and in situ (near-Earth) measurements of magnetic flux ropes [Burlaga, 1988] and interplanetary clouds [Bieber et al., 1987] . Twist in a magnetic flux tube physically signifies the wrapping of field lines around the flux tube axis and indicates the presence of a nonpotential stressed flux system, having excess energy. Crucial evidence is emerging that beyond just being a passive structural or topological property, magnetic field twist plays an important role in solar explosive activity Nandy et al., 2003; Hahn et al., 2005] . Recent simulations also show that twisted magnetic fields influence the evolution of the overlying corona and the solar open flux that permeates the heliosphere [Mackay and van Ballegooijen, 2006] . Therefore the study of twisted magnetic structures in the solar atmosphere is of paramount importance for understanding the physical processes that govern space weather. Twisted magnetic fields can be created and studied in laboratories and in conjunction with its astrophysical counterparts, form the basis for understanding certain important aspects of magnetic field dynamics in space and laboratory plasmas [see, e.g., Brown et al., 1999; Linton, 2006] .
[3] Solar magnetic fields are generated by a magnetohydrodynamic (MHD) dynamo mechanism in the solar interior [Parker, 1955a] . Specifically, strong toroidal flux tubes (that ultimately form ARs) are thought to be produced [Nandy and Choudhuri, 2002] in a strong rotational shear layer known as the tachocline located at the base of the solar convection zone (SCZ). The tachocline overlaps with a region of subadiabatic temperature gradient, where buoyancy is suppressed and magnetic fields can be stored and amplified to sufficiently high (observed) strengths. The combined action of overshooting convection and associated magnetic buoyancy of the stronger fields, however, can dislodge and bring up some of the magnetic fields from this stable subadiabatic region into the SCZ; convective collapse subsequently forms coherent flux tubes, through processes, the details of which are still ill-understood [Schüssler et al., 1994] . Because the SCZ is highly unstable to buoyancy, the strong toroidal flux tubes erupt (almost radially) outward, piercing the surface and forming solar ARs [Parker, 1955b] . The solar dynamo may produce helical magnetic fields at the base of the SCZ itself [Gilman and Charbonneau, 1999] or later during the buoyant rise process, through an interaction between the toroidal and poloidal components of the dynamo generated magnetic fields [Choudhuri et al., 2004] ; this can have important consequences for dynamo action and the flow of helicity from the interior of the Sun and out into the heliosphere [Blackman and Brandenburg, 2003] .
[4] The buoyantly rising flux tubes experience a variety of forces during their journey through the SCZ, the primary among them being the Coriolis force and turbulent convective buffeting. The Coriolis force, acting within the plasma material in the rising flux tube, produces a large-scale deformation of the flux tube axis with regard to the eastwest direction [D'Silva and Choudhuri, 1993; Fan et al., 1994] ; this deformation is quantified as tilt, is observed in solar ARs and has a latitudinal dependence known as Joy's law [Hale et al., 1919] . A large scatter in the tilt values around Joy's law is also observed, which is explained by considering the effect of turbulent convective buffeting on the rising flux tubes [Fisher et al., 1995; Longcope and Fisher, 1996] . Tilts of solar ARs constitute a vital ingredient in some models for the solar dynamo, contributing to the creation of the solar poloidal field through the decay of tilted bipolar ARs [Babcock, 1961; Leighton, 1969; Nandy and Choudhuri, 2001 , and references therein] and also influencing the heliospheric field evolution [Mackay et al., 2002; Wang and Sheeley, 2003] . A recent model suggests that helical turbulent buffeting can impart twists to rising flux tubes in the SCZ, a process termed as the S effect [Longcope et al., 1998 ].
[5] Now we turn to discussions of magnetic helicity, H m , which is a conserved quantity in ideal MHD, conditions which are expected to be satisfied in the plasma within the SCZ. The magnetic helicity of an isolated magnetic flux tube can be decomposed into two components [Berger and Fields, 1984] :
The first component, Tw, is twist number, the number of times the field lines wrap around the flux tube axis. The second component, Wr, is writhe number, the number of turns or knots of the axis itself (i.e., axial deformation). The writhe component Wr is related to the tilt of solar AR flux tubes. This follows physically from the writhing or turning of the apex of buoyantly rising flux tubes by the Coriolis force in the SCZ, a process that leaves an observationally measurable imprint in the form of AR tilt; e.g., the Joy's law distribution of AR tilt angles [Hale et al., 1919] . Quantitatively, for tilt angles between 0°-180°, the tilt angle, say y, is simply related to the writhe, Wr ' y/180° [ Berger and Fields, 1984; Longcope et al., 1998 ].
[6] Here, our aim is to explore the magnetic helicity of solar AR flux tubes. In defining the helicity of such isolated AR flux tubes as above, we assume that all field lines that originate in one polarity of a certain AR, close down through the other (opposite) polarity of the same AR, and that field lines from no other AR closes on the AR in question. Therefore our definition does not account for any cross-interaction (and consequent contributions from mutual helicity) of interacting flux ropes of two or more ARs. Although strictly speaking, not all solar ARs are isolated coherent magnetic flux tubes, for reasonable practical purposes they can be modeled and considered to be so; such approximations have been widely used in numerical modeling studies of flux tube dynamics, the results of which are in good agreement with observations [Fisher et al., 1995] . Following the above simplified but pragmatic considerations, quantitative measurements of the tilt and twist of isolated solar ARs can be made to uniquely determine the magnetic helicity of its underlying flux tube. Since the magnetic helicity of such an AR flux tube remains invariant for relevant dynamical timescales (e.g., the timescale of buoyant rise through the SCZ which is on the order of few months), change in any one component of it (say, twist), necessarily changes the other (writhe) in such a way as to keep the overall magnetic helicity the same. Hence the invariance of magnetic helicity of solar AR flux tubes, the associated distributions of its individual components (twist and writhe) and their interrelationship can be used as useful tools for probing the ''hidden'' processes of creation and dynamics of magnetic fields in the solar interior. This consideration forms the basis for the present study, in which we perform statistical analysis of the observed distribution of AR twist and tilts to constrain flux tube dynamics in the SCZ.
[7] In section 2 we provide formal definitions of relevant observational parameters and describe the data acquisition and handling strategy for constructing the databases used in this study. In section 3 we present our results. We discuss the implications of our results for processes of flux tube creation and dynamics in section 4 and end with concluding remarks in section 5.
Data Acquisition and Handling
[8] Various descriptors of twist are used in the literature, including the total twist number Tw (as in equation (1)) of a magnetic loop of a certain length and the twist density (i.e., twist per unit length) q. A simple relationship exists between these two quantities, namely,
where Tw is the number of winds about the axis over the length, l. If Tw = 1, the field lines wind exactly once over the length, l. For a given AR, observational estimates of the parameter a in the force-free field equation
are taken to be a measure of the twist of that AR (for a straight and uniformly twisted cylindrical flux tube, the parameter a can be shown to be proportional to the twist per unit length, specifically a = 2q). Note that the usage of the above equation to observationally quantify AR flux tube twist assumes that a is constant across the flux tube cross section. This assumption is used to ease the statistical analysis of twist values in a large sample of solar ARs and to compare the results with theoretical studies and numerical simulations of flux tube dynamics, most of which invoke the thin flux tube approximation, hence simplifying the system to that of constant a or linear force-free field (as opposed to the more complicated nonlinear force-free field). This measure of twist, a, can be determined from vector magnetic field observations that measure all the three components of the heliographic magnetic field [Canfield et al., 1993] and the overall twist in each AR can be characterized by the best-fit twist parameter, a best (see, for a discussion, Leka and Skumanich [1999] and Pevtsov et al. [2001] ). Although the parameter a appears in the force-free field equation above, the determination of the quantity a best does not explicitly assume the observed field to be forcefree. This observationally determined quantity a best , which represents the average twist in the flux tube constituting the AR, is ideal for comparisons with theoretical simulations which generally consider the dynamics of an uniformly twisted coherent flux tube, as a whole. Henceforth, for ease of exposition, we refer to the observationally determined best-fit twist parameter, a best , simply as''twist,'' unless otherwise stated.
[9] For measuring the twist in individual ARs, we use solar AR vector magnetograms from the Haleakala Stokes Polarimeter (HSP) [Mickey, 1985] instrument operated by the Mees Solar Observatory in Hawaii. The HSP instrument routinely observed solar ARs from 1988-2002, i.e., covering solar cycle 22 and some part of cycle 23. We utilize the full data set (1988 -2002) for our studies, which consists of individual AR measurements (some ARs having multiple measurements), constituting the largest-to-date data set used for such a study. HSP vector magnetograms are obtained at two spatial resolutions (with 5.6 00 and 2.8 00 pixel spacing) from the Stokes profiles of the spectral lines Fe I l 6301.5 and l 6302.5 using the nonlinear least squares Unno-fitting scheme of Skumanich and Lites [1987] . Faraday rotation and magnetic filling factor effects are corrected for. The 180°azimuthal ambiguity in the transverse field (B trans ) is resolved using the techniques described by Canfield et al. [1993] . The best-fit twist parameter a best is obtained by minimizing the difference between the x and y components of the computed constant-a force-free and observed horizontal magnetic field. The noise level in the magnetograms is less than 100 G for the transverse and 10 G for the longitudinal fields. For the calculation of a best , only those pixels were used for which jB trans j > 300 G (i.e., with a cutoff at the 3s level), thereby ensuring a high degree of confidence in the distribution of a best that we obtain. Other computed (observed) parameters include the latitude of emergence and the total flux in each polarity of the solar AR. Suspect vector magnetograms, showing evidence of cloud transit during the observational run or other (unaccounted for) sources of error, were rejected. ARs which were observed too far out from disk center were also discarded (with a cutoff in Central Meridian Distance of 50°).
[10] In summary, our main data parameters consists of the average twist a best , latitude q, and flux F, for each AR in the HSP database. The final HSP data set consists of 3144 such vector magnetogram observations.
[11] For the twist-tilt interrelationship analysis which we present in section 3.4, we use the same database that was previously constructed by Holder et al. [2004] , associating AR twist measurements from the HSP instrument with tilt measurements from the line-of-sight full-disk Mount Wilson magnetograms [Howard, 1989] of the same AR. The Mount Wilson full-disk magnetograms are more suitable for estimating tilt because of its large field-of-view. We define the tilt angle, y, to be the angle (positive counterclockwise up to 180°) between the local parallel of latitude and the line joining the (flux-weighted) centroids of the two magnetic polarities of individual ARs. Here, we do not provide further details of how the two different data sets were associated; the purpose is to present only a few aspects of the results from this combined data set that is required for the sake of attaining closure in the present study. For a detailed analysis and discussion of this combined data set, interested readers are referred to Holder et al. [2004] . Suffice it to say here that this combined (HSP-Mount Wilson) data set consists of twist a best , tilt y, polarity separation d, and latitude q for each of 368 ARs (the data set is considerably reduced because of limited availability of cotemporal data for the same ARs observed by both HSP and Mount Wilson magnetographs).
Results
[12] Here we present the detailed analysis of the databases that we have constructed. First, we concentrate on the HSP twist distribution database in sections 3.1, 3.2, and 3.3. Second, we present some aspects of the combined HSPMount Wilson twist-tilt database in section 3.4 that is relevant for our subsequent discussions.
Latitudinal Dependence of Solar AR Twist
[13] Past analysis of the latitudinal distribution of the twist component of solar AR helicity has shown that a latitudinal dependence exists [Pevtsov et al., 1995; Pevtsov et al., 2001] . The dependence is not strong; however, it is statistically significant. The latitudinal trend has been found to remain the same in solar cycle 22 and the rising part of cycle 23 [Pevtsov et al., 2001] . The latter analysis was performed on a subset of 203 ARs for cycle 22 and 265 ARs for cycle 23. Here we combine all the AR observations from solar cycle 22 and 23 spanning 1988-2002 (with a total of 3144 data points) to provide the most statistically compelling constraint till date on the latitude dependence of AR twist.
[14] In Figure 1 we plot the distribution of AR twists as quantified by a best versus the latitude of observation q of the ARs. This large combined data set for solar cycle 22 and 23 confirms the existence of the latitudinal trend in twist, namely that the magnitude of AR twist increases with increasing latitude and that the twist has a weak tendency to be negative (i.e., left-handed chirality) in the Northern Hemisphere and positive (right-handed chirality) in the south. Other statistical characteristics of the twist distribution are the following. The typical magnitude (i.e., mean of the absolute value of) twist a best is 1. .
[15] The Spearman's rank correlation coefficient between a best and q is À0.1268 with a confidence level of 99.99%, while the linear correlation coefficient is À0.1250 with a confidence of 99.99% (just for the sake of completeness, the Kendall's t is À0.0856 with a confidence of 99.99%). These correlation coefficients point out two important characteristics of the data. First, the latitudinal trend is weak, but extremely significant at a high confidence level. Second, the nature of the trend possibly deviates slightly from being purely linear. For reasons of being consistent with past analysis of the a best versus q distribution and for ease of comparison with past results, we do a linear fit to the data. We employ a robust bisquare fitting technique in which the summed square of the residuals are minimized and outliers are downweighted using bisquare weights. In most cases this is the best choice for robust fitting. The resultant linear fit result is a best ¼ À 2:068 Â 10 À10 q À2:555 Â 10 À10 ; À1:582 Â 10
where a best is in units of m
À1
, q is in units of degrees, and the numbers in square brackets are the 95% confidence bounds on the estimated fit coefficients. This fit is the most stringent constraint on any theoretical model of twist creation (that in principle, should also explain this latitudinal dependence of twist), a topic that we discuss in section 4.
Latitudinal Dependence of Dispersion in Twist
[16] A visual inspection of Figure 1 clearly indicates that there is a large dispersion around the mean value of twist across all latitudes. A statistical characteristic of the twist distribution is that the magnitude of this dispersion is larger than the mean. Models of flux tube dynamics in fact point out that such dispersions are expected because of hydrodynamic turbulence leaving their imprint on the properties of rising flux tubes in the SCZ ; a case in point is the distribution of tilt, where it has been previously shown that the dispersion around Joy's law can be explained by invoking the interaction of a buoyantly rising flux tube with turbulent fluctuations [Fisher et al., 1995] . The question naturally arises then whether an analysis of the latitudinal dependence of the observed dispersion in twist can throw light on the nature of turbulence and its fluctuations in the SCZ.
[17] To answer this question, we follow standard practice and bin our data set into different latitude bins (total of 8 bins with 393 data points each) and calculate the mean value of twist ha best i and its dispersion (square root of the variance) Da best in each latitude bin. In Figure 2 we plot the ha best i and Da best values versus the corresponding median , where N is the number of data points in each bin) and plot the error bars in Figure 1 along with a straight (dashed) line with zero-slope and Da best = 2.4529 Â 10 À8 m
À1
, which is the mean of all the Da best values across different latitude bins. Most of the Da best points, when considered with the error bars, lie close to the constant Da best line. Finally, we perform a Chisquare test with the null hypothesis that the Da best values are not different from the mean (constant) value of 2.4529 Â 10 À8 m À1 across all latitude bins. We find that the null hypothesis cannot be ruled out at the 95% confidence level. All this, taken together, provides conclusive proof that the dispersion in twist is latitude-independent. Since the dispersion in the twist values is related to turbulent fluctuations [Longcope et al., 1998 ], this result constrains an important property of SCZ turbulence, namely, that the amplitude of turbulent fluctuations in the SCZ is the same across all latitudes (in which ARs measurements exist).
Twist Dependence on Magnetic Size of Flux Tubes
[18] We divert our attention from the latitudinal distribution of helicity components for a small detour to point out the existence of a connection between twists and the magnetic size of solar ARs. Our HSP data set also consists of the flux measured in each polarity of the solar AR. We find out which of the AR polarity (positive or negative) has the maximum flux and identify this as the representative flux of the solar AR (this is done as a first-order correction for possible partial coverage of the total AR by the highresolution HSP vector magnetograms). In Figure 3 we plot the twist (a best ) values in each AR versus its representative flux F. The solid curves showing a ±F À0.69 dependence seems to envelop the twist distribution reasonably well (the significance of this F À0.69 fit will be discussed in section 4 in the context of twist creation processes). Although a detailed look at this twist-flux dependence shows other subtleties, these are beyond the scope of this paper (here our focus is on the latitudinal distribution of the helicity components). What is clear from a visual inspection of Figure 3 and the plotted envelop is that both twist and its dispersion seems to decrease with increasing flux values. As discussed later, this has important implications for the processes of creation and dynamics of flux tubes in the SCZ.
Twist-Tilt Correlations
[19] Now we return to the latitudinal distribution of the helicity components, focussing on the relationship between twist and tilt. Detailed studies of the interdependence of tilt and twist are just beginning [see, e.g., López Fuentes et al., 2003; Tian et al., 2005] . In an earlier work [Holder et al., 2004] , we have constructed a database associating the twist of solar ARs observed by HSP to the tilts of the same ARs observed by the Mount Wilson full-disk longitudinal magnetograph and analyzed the database (consisting of 368 ARs) in detail. Here we present only some of the correlations recovered from this database that is directly relevant to the theme of this paper. In this subset study we use the parameter y/d for purposes of correlation analysis, where y is the tilt (as defined in section 2) and d is the polarity separation between the two footpoints of an AR; y/d has dimensions of inverse length and is an appropriate parameter for comparing with a best , which has the same dimensions. To begin with, we plot twist a best versus tilt per unit length y/d in Figure 4 . We see a negative correlation 
where a best and y/d are in units of m À1 and the numbers in square brackets are the 95% confidence bounds on the estimated fit coefficients.
[20] In Table 1 we present a detailed correlation analysis between tilt and twist. The first column contains data descriptors, the second column the quantities between which the correlation analysis is performed, column three the recovered Kandall's t value, column four the confidence level in the recovered correlation and column five the number of ARs used for the correlation analysis in each row. To conform with our earlier analysis [Holder et al., 2004] , we have used the Kandall's t coefficient to represent the correlations in this combined twist-tilt data set. Row one presents the correlation between tilt and latitude which we find to be negative (a result that agrees with earlier studies involving larger data sets of tilt alone). As we have shown earlier, the correlation between twist and latitude is also negative. Therefore the mutual dependence on latitude of tilt and twist should produce a positive correlation. However, we find this not to be the case; row two shows the correlation between tilt (per unit length) and twist which we find to be negative. In fact, removing the mean latitudinal dependence from both tilt and twist results in a even stronger correlation (higher t value) as shown in column three. This conclusively points out that a negative correlation exists between tilt and twist which is not because of their mutual latitude-dependence.
[21] Finally, in the last three columns of Table 1 we explore how the tilt-twist relationship depends on the extent to which the AR tilt angles obey Joy's law (the mean trend in the tilt-latitude distribution). We find that the subset of 194 ARs that closely follows Joy's law (to within 6s) show no significant correlation between tilt and twist (column four). On the other hand, the subset of 174 ARs that significantly depart from Joy's law (at the 6s level) show a significant negative tilt-twist correlation (column five), which is higher that the one recovered in the whole data set (see column two), implying that the former dominantly contributes to the latter. This subset also has relatively higher (mean magnitude of) a best values. In column six we present the tilt-twist correlation for non-Hale regions, whose polarity orientations are so skewed (lying between 90°and 180°) that they do not follow the Hale-Nicholson polarity orientation law for sunspot cycles. We find that in this small subset of 12 ARs, the tilt-twist correlation is positive and the mean magnitude of a best values is the highest. The significance of these results are discussed in the next section.
Discussions
[22] We now discuss the implications of the presented results for flux tube creation and dynamics in the SCZ. There is overwhelming evidence, both observational and theoretical, that the writhe component of helicity (manifested as tilt) in ARs is generated by the action of Coriolis force on rising flux tubes in the solar interior [see, e.g., Fisher et al., 1995] . Also, observations show that twists and the large-scale currents associated with it, emerge proportionally with flux emergence in solar ARs, implying that twist already exists in subphotospheric flux tubes [Leka et al., 1996; Pevtsov et al., 2003] ; the idea that twist is created in the solar interior is supported from various theoretical perspectives as well (for a discussion, see Longcope et al. [1999] ). Note that the spinning motion of sunspots in some ARs [Brown et al., 2003] can be a source for twist and helicity injection in overlying coronal loops; however, this spin itself can be attributed to (magnetic torques generated during) the emergence of initially twisted magnetic flux tubes from the solar interior [Longcope and Welsch., 2000] . In our discussions therefore we concentrate only on subphotospheric physical processes. Before we begin, it would be useful to outline some aspects of the conservation of magnetic helicity, in an isolated magnetic flux tube rising through the SCZ. Since the total helicity (Tw + Wr) is conserved, a positive change in one (say, writhe) would contribute a negative change to the other (twist); therefore d Tw = ÀdWr. As an illustrative example, if a flux tube starts its buoyant rise with zero net helicity, introduction of a certain magnitude of positive writhe would also introduce a similar amount of negative twist in the flux tube. Note that according to the sign convention that we have adopted, a positive writhe corresponds to negative tilt (e.g., in the Northern Hemisphere, Coriolis force writhes rising flux tubes predominantly in the positive sense hence generating negative tilt). Keeping this idea of helicity conservation in A12S01 NANDY: MAGNETIC HELICITY AND FLUX TUBE DYNAMICS mind, we first address the issue of the creation of twisted flux tubes.
Implications for the Origin of Twisted Magnetic Flux Tubes
[23] Solar AR magnetic flux tubes originate at the base of the convection zone from the toroidal magnetic field created by the dynamo mechanism in the tachocline. The likelihood exists that the dynamo process itself generates twisted magnetic field in the tachocline layer. Alternatively, twist may be imparted in the SCZ during the buoyant rise process. Any such mechanism for the generation of twist must satisfy the observational constraints that our results set. Our analysis in section 3.1 shows that the typical magnitude of a best in the whole HSP data set is 1.81 Â 10 À8 m À1 , corresponding to a twist density of q = a best /2 = 0.90 Â 10 À8 m
À1
. The dispersion (about the mean) in the a best value in the whole data set is 2.48 Â 10 À8 m
. The dispersion shows a clear physical relationship with magnetic flux size of the ARs in the data ( Figure 3 ) and therefore is very likely to be a real phenomena originating in the solar interior itself.
[24] Gilman and Charbonneau [1999] analyzed a diverse set of kinematic dynamo models and concluded that in principle, magnetic helicity can be generated by the dynamo mechanism at the base of the SCZ; more complicated dynamo modeling of the full set of MHD equations also support this conclusion [Brandenburg and Sandin, 2004 , and references therein]. However, as pointed out in Longcope et al. [1999] , an approximate estimate (with typical dynamo parameters) of the twist density q generated by the dynamo at the base of the SCZ yields a value of q ' 4 Â 10 À11 m À1 , which is three orders of magnitude less than the typical twist recovered from our data analysis. In an alternative scenario, Choudhuri et al. [2004] argues that the dynamo mechanism can impart twist in the SCZ during the buoyant rise of the dynamo generated toroidal field through the process of poloidal field accretion [see also Chatterjee et al., 2006] . This model predicts typical values of a best ' 2 Â 10 À8 m
and an inverse dependence of twist on AR size, i.e., close to what is observed. However, these models cannot selfconsistently explain (at least not yet) the large observed dispersion in the twist values; although, addition of more sophisticated physics of stochastic fluctuations might solve this problem. These dynamo models also predict varying amounts of cycle phase dependence on the generated twist or magnetic helicity, which has not yet been observed.
[25] There are three other candidates for producing twist in the SCZ during the buoyant rise of a magnetic flux tube, namely, differential rotation, Coriolis force, and helical turbulent buffeting. Both differential rotation and Coriolis force writhe buoyantly rising flux tubes; therefore from helicity conservation, it follows that they will also twist the flux tubes in the opposite sense. In this case a clear correlation should exist between twist and tilt values. Simple theoretical considerations point out that differential rotation and Coriolis force (in conformity with Joy's law) can generate twist density with typical upper bounds of q 2 Â 10 À9 m À1 and q 1 Â 10 À9 m
, respectively [Longcope et al., 1999] . These are an order of magnitude less that the typical twist that we recover. Moreover, the combined twist-tilt database shows a negative correlation between the two quantities which is opposite to what is expected from the Coriolis force. Given that differential rotation and the Coriolis force are large-scale processes which act on the whole length of the flux tube, it is also difficult to envisage how these processes could produce the observed dispersion in the twist distribution without invoking some sort of separate turbulent origin for it.
[26] Finally, we come to a recently proposed model for twist generation termed as the S effect that invokes the action of helical turbulent buffeting on rising flux tubes to generate twist [Longcope et al., 1998 ]. In the S effect model, small-scale helical turbulence deforms or writhes the axis of rising flux tubes, from helicity conservation it follows that the flux tube acquires an opposite amount of twist. While the adopted model of turbulence has local amplitudes which is independent of latitude (as in most models of turbulent convection), cross-correlations in the turbulence across latitudes generate the mean latitudinal trend in twist. This model predicts a latitudinal-dependence of twist which is close to what is observed in Figure 1 , predicts a large scatter in the twist distribution which is independent of latitude (in agreement with our analysis in section 3.2 and Figure 2 ). The typical twist value obtained from S effect model simulations is a best = 4 Â 10 À8 m
, while the mean and dispersion in a best are À0.82 Â 10 À8 m À1 and 3.81 Â 10 À8 m
, respectively. Comparing these to the values that we recover from our HSP data set, we find that except for the mean value of twist (the predicted value is too high), all other theoretical modeling results from the S effect model are in broad agreement with observations. The S effect model also predicts a scaling of twist (magnitude) with AR flux of the form of F À0.69 , which, in the lack of any other such predictions, formed the basis of our fit to the twist versus flux distribution in Figure 3 ; the fitted flux dependence envelops the observed distribution reasonably well.
[27] In summary, our statistical analysis puts numerous constraints on physical processes that seek to explain the origin of twisted magnetic flux tubes. A critical examination of these lead us to conclude that the theoretical mechanism that best explains the observed data is the S effect [Longcope et al., 1998 ] that invokes helical turbulent buffeting to generate twist in buoyantly rising magnetic flux tubes.
Implications for SCZ Turbulence
[28] Most theoretical models that deal with flux tube dynamics in the SCZ (e.g., the S effect model) make some assumptions on the nature of turbulent convection there (often based on mixing length theory). We argue that properties of AR flux tubes can be used to constrain the nature of turbulence in the SCZ and the assumptions that the theoretical turbulence models invoke. Most of the results of our observational analysis agrees fairly well with the S effect model [Longcope et al., 1998 ]. The latter suggests that the dispersion in twist arises because of turbulent fluctuations in the SCZ. Our analysis of the latitudedependence of the dispersion in twist (section 3.2 and Figure 2 ) shows that this dispersion is independent of latitude By associating our result with the most likely physical mechanism of its origin, we therefore conclude that our analysis provides observational proof that the amplitude of turbulent fluctuation in the SCZ is the same across all latitudes in which AR measurements exist. The properties of ARs observed at the photosphere can also give us interesting clues on the nature of the interaction between rising flux tubes and the turbulence in the SCZ. The distribution of AR twists versus its magnetic size show a tendency for both twist and its dispersion to be less for bigger ARs (Figure 3 ). This result indicates that bigger and stronger flux tubes rise faster through the SCZ and are less affected by turbulent convective buffeting, an idea that has been suggested earlier, in the context of explaining the distribution of AR tilts [Fisher et al., 1995] . Indeed, we find that our analysis of the distribution of AR twists support many theoretical ideas about flux tube dynamics that were developed to explain the distribution of AR tilts.
Implications for Flux Tubes Dynamics: A Framework to Bind Them All
[29] Finally, we turn towards establishing a general framework for flux tube dynamics in the SCZ that is based on the observed correlations in Table 1 (section 3.4) and independent numerical simulation studies. On the basis of the result of our analysis, and as explained below, we believe that flux tubes in the SCZ have a wide range of twists. Numerical investigations of flux tube dynamics point out that a small initial twist at the base of the SCZ, say q crit , is required for flux tubes to maintain their integrity (against fragmentation) during their buoyant rise [Emonet and Moreno-Insertis, 1998; Fan et al., 1998; Abbett et al., 2000] . Independent numerical simulations also show that flux tubes exceeding a threshold twist value, say q kink , succumb to the kink instability, wherein the axis of the flux tube undergoes spontaneous deformation (a turning of the axis) converting some of the initial twist to writhe [Linton et al., 1996; Linton et al., 1999] . These simulations also show that q kink ) q crit .
[30] In the first scenario of our hypothesized framework, AR flux tubes are created at the base of the SCZ with q < q crit ; these disintegrate and loose their entity during the buoyant rise through the SCZ and are not observed as ARs. In the second scenario, AR flux tubes are created with a magnitude of twist q, where q crit < q < q kink . These flux tubes are successful in surviving the buoyant journey through the SCZ and are observed as sunspots. Overall, we find that ARs in our combined HSP-Mount Wilson data set (see Table 1 and section 3.4) show a negative twist-tilt correlation which certainly cannot arise from the Coriolis force. Dividing up this data set into subsets, based on the extent to which individual ARs follow Joy's law for tilt angles, bring out interesting facets. Those ARs that closely follow Joy's law (row four in Table 1 ) show no twist-tilt correlation. We believe that these ARs belong to our second scenario, in which the underlying flux tubes have initial twists q crit < q < q kink (on the average having relatively low twist values) but pick up a more significant fraction of twist from the S effect (the latter's dominant contribution comes only in the upper parts of the SCZ). Therefore they show no twist-tilt correlation, a predicted consequence of the S effect model [Longcope et al., 1998 ]. Also, since these flux tubes have insufficient twist to undergo kink instability and significant writhing of their axis, their tilts conform closely to Joy's law. In our third scenario, AR flux tubes are created at the base of the SCZ with q > q kink . These flux tubes subsequently undergo kink instability during their buoyant rise. Consider, e.g., a flux tube at the base of the SCZ in the Northern Hemisphere with no writhe but high enough negative twist to be susceptible to the kink instability. Through the kink instability, it loses some of its negative twist; therefore dTw > 0. From magnetic helicity conservation it follows that dWr < 0. Therefore the flux tube acquires negative writhe, or following our sign convection, positive tilt, thereby exhibiting a negative correlation between tilt and twist. Thus those flux tubes that have initial twist q > q kink at the base of the SCZ falls into this category (the subset of ARs in column five of Table 1), the corresponding ARs displaying negative tilt-twist correlation and high deviations from Joy's law because of significant writhing of its axis (during the rise process) mediated by kink instability. In our fourth scenario, ARs have such extremely high twist values, q ) q kink , that they undergo severe kink instability, turning their axis by so much that they may form d spot ARs and violate the HaleNicholson polarity law. This can result in anomalous tilts that positively correlate with twist in violation of the rule established in the majority of the data set. We speculate that the small set of non-Hale regions in row six of Table 1 reflect these properties, which on the average have the highest twist values. Thus this framework, which fits in with the observations summarized in Table 1 and independent theoretical studies, suggests that flux tubes have a wide range of twist values in the SCZ, which govern their subsequent dynamics.
Conclusion
[31] In conclusion we have presented an analysis of one of the largest databases of currently existing solar active region twist measurements from a single instrument (Haleakala Stokes Polarimeter) and have augmented this with observations of tilt measurements from the Mount Wilson Observatory. In conjunction with independent theoretical work, our observational results significantly constrain many aspects of the diverse physical processes that govern the creation and dynamics of magnetic flux tubes in the solar convection zone. Our analysis also highlights at least one important issue that is ill-understood, the source of twist at the base of the solar convection zone. Even though our general framework, binding together theory and observations, suggests that there must be such a source, what that is, remains unanswered at this writing. Although an answer to this question will bring ultimate closure to our understanding of flux tube dynamics in the solar convection zone, we believe that the presented results already demonstrate the usefulness of observations of various components of active region magnetic helicity at the solar surface, in deciphering the hidden intricacies of the interaction between turbulent plasma material and magnetic fields, in the solar interior.
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